Abstract -In this article we present a smart textile system for the continuous monitoring of cardiorespiratory signals, produced and integrated with an industrial embroidery unit. The design of a T-shirt system, having embedded textile sensors and interconnects and custom designed circuit for data collection and Bluetooth transmission is presented. The performance of skin-contact textile electrodes, having distinctive electrical characteristics and surface morphologies, was characterized by measurements of signal to noise ratio, under dry and moisture conditions. The influence of the electrodes size and the wear resistance were addressed. Results of an electrocardiogram acquisition with a subject wearing the T-shirt and display on a smartphone are also shown. The presented smart textile systems exhibit good performance and versatility for custom demand production.
I. INTRODUCTION
Since the 2000s, smart textiles [1] , [2] were considered strategic to reduce morbidity and health care costs associated to diseases of the circulatory system. Holter monitors are ambulatory devices, currently used to capture a patient electrocardiogram (EKG) for one to three days. Although Holter systems show small dimensions and are portable, they connect to Ag/AgCl gel electrodes through long cables, which are perceived as intrusive and uncomfortable and prone to misconnections. Functional clothing for the continuous monitoring and recording of vital signals in ubiquitous and non-invasive ways have been developed using diverse approaches 3 -6]. The Wealthy system [3] consists of elastic garments made by seamless knitting technology, integrating knitted electrodes, interconnects and piezoresistive sensors for the continuous monitoring of EKG and pulmonary ventilation signals. The electrodes and interconnects were knitted with electrically conductive yarns, consisting of stainless steel surrounded by twisted cables of viscose.
Hydrogel membranes placed between the knitted electrodes and the skin were necessary to improve signal to noise ratio (SNR) [7] . The LifeShirt [4] used gel electrodes and embedded textile sensors for plethysmographic respiration monitoring [8] . The VTAM system [5] consisted of a T-shirt integrating smooth, dry EKG electrodes, with leads and treatment modules incorporated into textile woven fabrics. It used a motherboard transmission module and power supply mounted on a belt that was connected to the VTAM T-shirt through a microconnector [9] . In a similar approach, Di Rienzo et al. 10] presented satisfactory preliminary clinical tests with the MagIC system, a T-shirt in lycra and cotton integrating two woven electrodes in the thorax region produced with conductive fibers.
The types of textiles electrodes investigated may be divided in three categories; knitted based and built in the clothing, exhibiting improved performance in the presence of either hydrogel or moisture 7, 11, 12] ; woven based, also typically built in clothing, but whose manufacture processing has not been presented, being typically integrated in elastic clothing made by seamless knitting technology 9, 10]; textile electrodes made by embroidery stitching 13 -15] .
In previous work, we presented two chest band systems for the continuous monitoring of cardiorespiratory signals, produced with a digital embroidery method 16]. These bands used skin -contact textile electrodes and either a textile piezoresistive sensor or a pair of textile capacitive sensors to capture cardiac and respiratory signals, respectively. In this article, we extend the embroidery method to produce a T-shirt cardiorespiratory surveillance system, having embedded textile interconnects, textile sensors and data acquisition and transmission (DAT) unit.
In the present design, skin-contact EKG sensors are not built-in the clothing, allowing higher versatility to find the most suitable electrode for a particular user. Textile electrodes having distinctive electrical characteristics and surface morphologies, were characterized in terms of SNR and the effect of moisture investigated on several volunteers. The influence of the sensor´s lateral dimensions and wear resistance were addressed. Figure 1 shows the T-shirt cardiac monitoring system being proposed.
II. EXPERIMENTAL

A. System Design, Materials and Methods
Novel Textile Systems for the Continuous Monitoring of Vital
Signals: design and characterization * This prototype integrates five snap fasteners in the configuration corresponding to the derivations of the triangle of Einthoven and Wilson leads I, II and III and the precordial V1. The T-shirt was realized by seamless knitting technology and consisted of two superimposed fabrics, integrating snap fasteners to attach the EKG electrodes. These interconnect to the DAT unit through embedded textile interconnects. The DAT unit captures the EKG signals and transmits to a smartphone or laptop through a Bluetooth link. Five snaps are also available to connect to a conventional Holter for comparison purposes. The EKG electrodes were made by embroidery stitching 16], providing distinctive surface morphologies and electrical characteristics (see Table I ), using commercial electrically conductive threads from Less EMF Inc., Imbut Gmbh and TibTech.. The electrodes are replaceable but washable and long-lasting, comfortable to wear and inexpensive.
A. Characterization Method
A 16-bit programmable data acquisition unit from National Instruments, NI-DAQ 6212, with a maximum sensitivity at  0.2 V of 6 V, was used for data acquisition. Each pair of electrodes and capacitive sensors were connected to the analog inputs of the DAQ unit in differential mode. A Labview program graphically displayed and recorded the waveforms, using two 6 th -order Bessel filters; a 0.05 -100 Hz pass-band filter, and a band-stop filter of 50 Hz. The acquisition rate was 1 kHz. The mean and standard deviation values of SNR amplitude were extracted with a Matlab program, using 50 waveforms from each experiment. The program applied a smooth function with a span = 150 that was subtracted to the raw data, so that the resulting waveform contained only information of the QRS complex peaks and noise amplitudes, necessary to compute the SNR amplitude,
where V s,k, represents the mean peak amplitude of the QRS complex, and V n,k, represents the mean noise amplitude along the baseline, calculated with the following expressions, 
B. Test structures
Test structures with lateral dimensions of 50 mm x 5 mm were made from embroidery patterns identical to those of the textile electrodes, to be used to determine their electrical characteristics and evaluate resistance to laundering cycles.
III.RESULTS AND DISCUSSION
A. Electrodes characterization
The SNR of gel and textile electrodes were measured in one volunteer, using a chest band with two electrodes located around the region of the intercostal V4 and V5. Table II summarizes the obtained experimental values. The textile electrodes "REF" and "A", having similar electrical characteristics and surface morphologies, exhibited nearly identical SNR levels, about 2 dB below that of gel electrodes. The lower performances of electrodes "S" and "D" suggest that the surface morphology and electrical characteristics, respectively, affect the SNR amplitude. In addition to the electrical characteristics, the surface of the electrode should be considered in the design of skin -contact electrodes 17, 18].
No measurable difference was obtained in the SNR amplitude of textile electrodes of type "A" having electrode diameters of 12 mm, 16 mm and 20 mm. Nevertheless, the intercostal position could be easier to find with a specific size of electrode, which may be related to aspects of bone structure. The SNR amplitudes of type "A" electrodes, under dry and moisture conditions and of gel electrodes, were measured on six volunteers using the chest band system connected to the NI-DAQ unit. The results are shown in Fig. 2 . The lowest SNR amplitude was obtained with dry electrodes. The textile electrodes with moisture typically exhibit SNR amplitudes similar to those obtained with gel electrodes. The SNR increase from dry to moisture conditions varied between 2 dB (volunteers #3 and #4) to 6 dB (volunteer #1).
The effect of sweat in the performance of the dry electrodes was addressed by monitoring the SNR as a function of time. The results obtained corroborated that, after a few minutes, the SNR amplitude increases as the electrodes go from dry to moisture condition. Similar results were obtained with a volunteer in motion, wearing the chest band connected to a Holter, showing unstable signals during the first minutes of the essays, but stabilizing afterwards, being the captured signals similar to those obtained with gel electrodes.
B.Wear Resistance
The test structures with the various types of embroidery patterns and respective electrodes were submitted to 30 washing cycles and their electrical resistance and SNR performance measured, respectively. No measurable difference was obtained in relation to those prior to washing. The high compactness of the embroidery patterns provides the electrodes with very good wear resistance.
C.Electrode-skin impedance
The electrode-skin interface is constantly changing, thus affecting the signal integrity and degrading at times the quality of the captured signal. A forearm sleeve provided with textile electrodes was used to study the electrode-skin impedance and the SNR of surface electromyographic (EMG) signals on a long-term use basis. The sleeve can be adjusted for different levels of tightening to control the pressure applied on the electrodes. The obtained results provided valuable information on the pressure that the textile garments of a sleeve or vest should apply on the recording electrodes, in order to assure a good electrical and mechanical contact between the electrodes and the skin and decrease the noise due to motion. It was observed that the electrode-skin impedance magnitude or phase is not sufficient to establish a relation with the SNR. The extraction of parameters from an electrical equivalent model of the electrode-skin interface allows determining a relation with the model parameters and the SNR. The evaluation of these parameters during long-term monitoring will allow assessing the quality of biopotential measurements in textile electrodes [19] .
IV.EKG DATA ACQUISITION AND TRANSMISSION UNIT Figure 3 shows the SIVIC 12-lead EKG DAT unit that was developed to be integrated with the T-Shirt and transmit the data to a smartphone. It is a circular board (30 mm Ø) with an EKG analogue front-end based on the low-power Texas Instruments 24-bit ADS1298 chip and the PAN1740 Bluetooth Low Energy (BLE) module from Panasonic. It uses the internal microcontroller (32 bit ARM Cortex M0) present on the BLE module to perform all the necessary processing operations, thus saving the cost of an external microcontroller, the additional PCB area, and power consumption.
The DAT is set with a sampling frequency of 250 Hz, which provides a good balance in terms of data accuracy and power consumption. This frequency is adequate to ensure that phase noise does not impair the estimation of the R-wave fiducial point [20] . The average DAT power consumption during operation is around 2.5 mA. Using a 100 mAh battery this consumption corresponds to an autonomy of about 1.5 days.
Wireless EKG monitoring systems with a high number of leads (e.g. 12-lead) are usually designed for clinical usage, being systems with a lower number of acquisition channels (e.g. 1 to 3 channels) commonly used in ambulatory cases [21, 22] . Our system was designed having in mind its use in both clinical and ambulatory scenarios and thus the number of EKG data acquisition channels is reconfigurable. Inputs not used to capture EKG signals can be used to acquire other biosignals. V. RESULTS OBTAINED WITH THE T-SHIRT Figure 4 shows EKG signals displayed on a smartphone, captured when a person wears the T-Shirt in a steady position and without any skin preparation. In this test, the smartphone receives three leads (LI, LII, V1) and calculates from these four more leads (LIII, aVR, aVL, aVF). The data are recorded in the smartphone but then can be sent to a PC for further analyses and features extraction.
VI.CONCLUSIONS
In this work we presented innovative smart textile systems produced by means compatible to those used in the clothing industry. The preliminary results obtained with the smart textile systems are promising in terms of versatility, performance and durability, but further tests are required, namely with volunteers showing diverse anatomic physiognomies, addressing data reliability in ambulatory conditions where motion artefacts may cause severe interference and data information lost.
In fact, wearable medical systems require high levels of dependability. These are difficult to achieve due to the intrinsic functionality of these monitoring systems, namely due to the characteristics of the electrodes being used. Data fusion models are being explored to correlate data obtained from different biosignals of the wearer, in order to obtain indicators that characterize the operation correctness of the monitoring system or a pathological condition of the wearer. 
